Abstract Amplification corrections are presented for the finite-fault stochastic ground-motion simulation model; these corrections represent the total effect of the Los Angeles basin on the ground-motion spectra. Spectral amplification ratios were calculated by dividing the observed spectra for the 1994 Northridge and 1987 Whittier Narrows earthquakes, including shear-and basin-generated waves, by the simulated spectra created assuming an average rock-site condition. Smoothed amplification data were plotted above 3D images of the basin revealing a general correlation between the estimated basin depth and total basin amplification for both earthquakes over three frequency ranges: low (0.2-2 Hz), intermediate (2)(3)(4)(5)(6)(7)(8), and high (8-12.5 Hz). The depth-dependent corrections are derived from the regression of the combined data from both earthquakes in order to reduce an uncertainty caused by the azimuth of incoming waves.
Introduction
Stochastic modeling, in both point-source and finitefault implementations, has become a popular tool of strongmotion prediction for engineering analyses, especially in the regions with insufficient amounts of instrumentally recorded data (Boore and Atkinson, 1987; EPRI, 1993; Silva et al., 1997; Toro et al., 1997; Atkinson and Silva, 2000; Beresnev and Atkinson, 2002) . The stochastic finite-fault modeling technique has been recently developed and validated by Atkinson and Silva (2000) and Atkinson (2001, 2002) , as well as validated by other investigators (Hartzell et al., 1999; Berardi et al., 2000; Castro et al., 2001; Iglesias et al., 2002; Roumelioti and Kiratzi, 2002) .
One of the main premises of the stochastic method is that the complex path effects, including those of a stratified crustal structure, can be modeled through a semiempirical approach, in which the waves generated at the source are propagated to the observation point using empirically derived models of distance-dependent duration and attenuation. These models are usually obtained from the analysis of regional seismographic data, typically consisting of the records of small earthquakes at rock sites. The salient effects of horizontally stratified crust, including the presence of strong reflections and regional seismic phases, can thus be reasonably well reproduced. To generate a final seismogram at any particular site of interest, the synthetic time history (or spectrum) is multiplied by a desirable site-response function.
This method has not been designed to accurately reproduce ground motions within sedimentary basins, where site effects are not simply reduced to the multiplication by a local response, as illustrated, for example, by Chávez-García and Faccioli (2000) and Makra et al. (2001) . For example, ground-motion durations can be complicated functions of the distance from the basin edge (e.g., Joyner, 2000) . It would be impossible to develop comprehensive theoretical corrections accounting for the basin effects within complex geometries; however, the possibility of using the stochastic method at sedimentary-basin locations would still be desir-able. Developing such corrections to the synthetic motions empirically is thus the realistic way to proceed.
In the present work, we address the magnitude of the possible corrections and develop the corresponding correction factors for the case of the Los Angeles basin, California, using ground motions from the densely recorded M 6.1 1987 (October 1) Whittier Narrows and M 6.7 1994 (January 17) Northridge earthquakes. The stochastic finite-fault method, as incorporated in the code FINSIM, has recently been calibrated using multiple rock-site recordings from these events to achieve a statistically near-zero prediction bias for the Fourier and response spectra, in the frequency range from 0.2 to 13 Hz Atkinson, 2001, 2002) . The prediction bias was defined as the ratio of the observed to predicted spectrum, averaged over all modeled stations. Given the availability of this calibrated model, we proceed to the development of the basin-structure corrections as follows.
We use the calibrated model to generate synthetic motions at the sites that are located within the basin. The mismatch (bias) for each station is calculated by dividing the Fourier spectrum of the full trace following the S-wave arrival by the simulated spectrum. This mismatch could also be called the spectral amplification ratio, assuming the amplification of the observation relative to the simulation. These ratios are analyzed, as a function of estimated basin depth, in three separate frequency bands: 0.2-2, 2-8, and 8-12.5 Hz (low, intermediate, and high frequencies, respectively). The amplification ratios, appropriately averaged over a number of stations, represent the total correction, which can be viewed as the correction versus the average rock-site condition. Similarly, the ratios can be calculated between the durations observed within the basin and those computed by the simulation model.
All synthetics are generated using the finite-fault radiation simulation code FINSIM (Beresnev and Atkinson, 1998) in the same way as was described by Beresnev and Atkinson (2002) (see Beresnev and Atkinson [2002] for a detailed description of modeling parameters). All input-and output-parameter files, as well as a copy of the code, are freely available from the authors.
One could argue that the results of such a study would only be characteristic of the Los Angeles basin, as reflected in the title of the article. This argument is generally valid; however, one could reasonably assume that the spectral features brought about by the propagation of the edge-generated surface waves into the basin might be quite generic, being only weakly related to the specifics of internal basin structure, since these waves are generated locally at the periphery of the basins. If the distance from the edges to the center is reasonably correlated with depth, as one could assume for "smooth" basin shapes, the captured correction might be roughly applicable to a generic basin. The correction magnitude may also depend on the azimuthal position of the earthquake epicenter relative to the basin (e.g., Bard and Bouchon, 1980a,b; Olsen, 2000) ; we address this fact by analyzing the data from the two events with very different epicenter locations (although we admit that analyzing just two events may not be representative of the possible total azimuthal variability). By the same token, the spatially variable amplification caused by the impedance gradient across the thickness of the sedimentary cover could be adjusted to a specific basin by modifying the developed corrections proportionally to its impedance contrast. Despite these suggested procedures as to the application of these results to different basins, similar empirical corrections should be developed for the other basins as more earthquake data become available.
We should also point out that the purpose of this study is not to study the amplification effects in Los Angeles basin, which are rather well understood (e.g., Field and SCEC Phase III Working Group, 2000) . Our goal is to develop the empirical corrections to ground-motion simulation methods that do not directly take the basin structure into account, in order to make them more accurate within basin geometries. We develop the order of magnitude of these corrections that capture the salient effects. Further studies, carried out over a variety of basin structures where sufficient data may become available, will help clarify the questions raised.
Data and Analysis
By comparing the observed data from the sites within the Los Angeles basin to the synthetic "rock-site" records, following the given algorithm, we have isolated the effects of the basin on both the amplification and duration of seismic waves. The stations used in this study are mapped in Figure 1 and listed in Table 1 . All of the stations are operated by either the University of Southern California or the California Division of Mines and Geology (now the California Geological Survey). The stations are classified as generic "rock" (classes A and B) or generic "soil" (classes C and D) according to the Geomatrix scheme; the site-class information was provided by Pacific Engineering and Analysis (courtesy of W. J. Silva). The station classes are listed in Table 1 . For the Northridge earthquake, the amplification and duration ratios were calculated for all 53 stations listed in Table 1 ; 36 of these stations provided ratios for the Whittier Narrows earthquake. The ratios for both events are summarized in Table 2 . All records included in the analyses were instrument and baseline corrected. Full traces following the S-wave arrival were used in the calculation of spectral-amplification corrections, as described later, which included the effects of both prolonged duration and the spectral energy brought about by basin-generated surface waves, within the frequency band considered. Of the Northridge records, all stations recorded more than 25 sec of data after the S-wave arrival, except station MTL for which there were only 20 sec recorded. The traces for the Whittier Narrows earthquake are generally shorter, but all of them exceeded the duration of 16 sec following the S-wave arrival.
All data were downloaded from the University of California, Santa Barbara, Strong-Motion Database (http:// smdb.crustal.ucsb.edu) and resampled to a common sampling interval of 0.02 sec. Our spectral-amplification study is limited to frequencies between 0.2 and 12.5 Hz. The maximum frequency (12.5 Hz) is determined by the 0.2-sec sampling interval of the data. It is unfortunate that the original seismic records did not contain data below the minimum frequency (generally 0.2 Hz, see Table 1 ), because basin resonances may extend to lower frequencies (Boore, 1999) . The exact values of these frequencies for the Los Angeles basin do not appear to have been well identified, and they will certainly depend on the location within the basin. Wald and Graves (1998) infered from their analysis of empirical data and 3D simulations for three Los Angeles basin models that the dominant energies of ground motions were between 0.1 and 0.2 Hz. These frequencies may not be indicative, though, of the true basin resonance, because the analyses were limited to frequencies below 0.5 Hz and the inferred frequencies were for dominant energies, not amplifications. Wald and Graves (1998) did not calculate the frequencydependent spectral amplifications. Olsen (2000) published the basin amplification values determined from similar 3D simulations for the scenario earthquakes; however, Olsen's amplifications were for peak ground velocity in the frequency band from 0 to 0.5 Hz, not indicative specifically of what frequency primarily contributed to them.
On the other hand, the stochastic-simulation code used in this article has not been tested yet for the frequencies lower than 0.1 Hz (Beresnev and Atkinson, 2002) ; the frequencies in the band of 0.2-12.5 Hz also cover most of the range of engineering interest.
The Fourier spectral-amplification ratio was calculated between the geometrically averaged horizontal component of observed acceleration records and the random horizontal component of the simulated accelerogram.
Since the rock-site calibrated ground-motion prediction model was used to generate all synthetics, the amplification ratios for stations identified as "rock" hover around unity, as could be expected (see Fig. 3 ). For soil sites, individual peaks in amplification can be as high as approximately 30. With engineering applications in mind, we used the three frequency bands of 0.2-2, 2-8, and 8-12.5 Hz and calculated average ratios for individual stations over each band. The average amplification ratios range from 0.36 (rock site LWE) to 10.7 (soil site DWY, which lies over the deepest part of the basin).
The basin depth, defined as the depth to the 2.5 km/sec shear-wave velocity isosurface in the Southern California Earthquake Center (SCEC) 3D velocity model of Magistrale et al. (2000) , was calculated using the Basin Depth Servlet provided on the SCEC web site (www.scec.org:8081/exam ples/servlet/BasinDepthServlet), which calculates the depth using interpolation on a grid of data points spaced at 400 m. These depths are listed in Table 1 . This 3D velocity model is not incorporated into FINSIM simulations; any errors in 
Results
Data Trends and Localized "Hot Spots"
Three-dimensional images were used to visualize the general trends in inferred amplification corrections and to pinpoint localized amplification "hot spots." Figure 2 shows the 3D plots of smoothed amplification for each frequency range superimposed above a representation of the Los Angeles basin. It is clear that there is a correlation between basin depth and amplification for both earthquakes. Previous studies have also concluded that basin depth is an important factor in determining ground-motion amplitudes (Field and SCEC Phase III Working Group, 2000) . The plots in Figure 2 also show variations in the amplification patterns between the two earthquakes; specifically, two high-frequency amplification hot spots appear for the Northridge event, which are not seen in the case of the Whittier Narrows event.
The highest amplification peak occurs over the deepest part of the basin for all three frequency ranges for the Whittier Narrows earthquake. All three Northridge plots also show amplification centered over the deepest part of the basin; however, an additional pocket of high amplification is centered over the Santa Monica region (western end of the plots). Indeed, anomalous amplification was observed in the Santa Monica area during the Northridge event (Porcella et al., 1994; Shakal et al., 1994) . The cause of this amplification is thought to be the focusing effect at the basin edge, although there is debate as to the depth causing this effect (Gao et al., 1996; Hartzell et al., 1997; Alex and Olsen, 1998; Graves et al., 1998; Davis et al., 2000) .
Another, although weaker, amplification hot spot seen in the Northridge data occurs over the northern edge of the basin, which may be related to the resonance in the smaller San Gabriel subbasin. Such resonance was observed in the results of a 3D finite-difference model for the Northridge earthquake by Olsen (2000) based on the 3D velocity model by Magistrale et al. (1998) .
The identification of these hot spots is not new. They were previously identified by Hartzell et al. (1997) based on the empirical analysis of Northridge mainshock and aftershock data. What is of additional importance for seismic hazard analysis, though, is that the significance of these hot spots appears to depend on frequency and earthquake location. As frequency increases, the amplification hot spots become increasingly dominant. The largest absolute amplification occurs for the high-frequency range of 8-12.5 Hz. This observation is consistent with the results of theoretical focusing by hemicylindrical and hemispherical lenses and the finite-difference simulations of focusing by a 2D curved interface by Davis et al. (2000) .
The Santa Monica and San Gabriel subbasin hot spots are exceptions to the general depth-dependent trend of the amplification ratios. They may be highly dependent on subtleties of local geology and the azimuth of incoming waves and would be difficult to incorporate in a generic correction model. Because our amplification corrections are averages of the two events with different epicenters, the azimuthdependent effects are reduced. The creation of localized hotspot corrections for use with FINSIM or similar programs is beyond the scope of this study; however, such corrections, calculated for a specific structural feature if known, may easily be added to the model.
Amplification Corrections
Prior to the analysis of the entire raw amplification data including both earthquakes, the Northridge and Whittier Narrows amplifications were looked at separately to ensure that both data sets showed correlation between amplification and depth. Both earthquakes showed positive correlation for all three frequency ranges. The absolute amplification values overlapped; however, the Whittier Narrows regressions consistently had steeper slopes than the regressions for the Northridge data.
Combined plots of the amplification ratio versus basin depth, including both events, are shown in Figure 3 . Linear regressions were performed for the station amplifications averaged within each frequency range as well as one for the entire frequency range. The equations produced by these regressions are shown in Table 3 . All four equations show positive correlation with depth. The low-frequency range shows the best correlation, perhaps due to the contributions from surface waves, primarily formed by low-frequency energy, and due to a lesser effect of small-scale heterogeneities at these frequencies, which are not depth correlated and are impossible to account for in the synthetic model.
The y intercepts for the low-, intermediate-, and highfrequency ranges are 1.42, 1.52, and 1.66, respectively. Theoretically, if the model predicts rock sites accurately, these lines should converge to unity. These regressions, however, are significantly weighted by the stations within the basin. Although one might argue that rock sites should not be included at all in the basin corrections, we prefer to use all of the available stations approximately located within the basin contours, especially because the estimated depth of the basin does not necessarily correlate with the Geomatrix site classification that is based entirely on near-surface geology and because the exact boundary of the basin is not strictly defined. The distribution of sites within the basin is fairly uniform, with the exception of the northwest corner, which has the greatest density of stations.
The corrections presented in Table 3 represent the total amplification ratio at any point within the basin, with respect to the average rock-site condition. Therefore, it is not surprising that the correlation factors (r 2 ) range from 0.15 to 0.25, reflecting the large amount of scatter. The presence of scatter should be expected, since it involves the presence of amplification hot spots, uncertainty in the calculation of basin depth, and variable response of near-surface deposits, . All data from Northridge and Whittier Narrows earthquakes are included. In order to make the plots readable and uniform, the amplification ratio for station DWY from the Whittier Narrows earthquake, which is outside the range in plot A, has not been shown; however, it is included in the regression calculation. Dashed lines represent 95% confidence intervals. including local resonances at individual sites. The corrections represent the cumulative effect of all these factors and can be viewed as the corrections for the average near-surface condition within the basin, with basin depth as an independent variable. The trend for the correction to increase with depth is well defined on average. Anderson et al. (1996 Anderson et al. ( , p. 1749 argued that "the surficial geology has a greater influence on ground motions than might be expected based on its thickness alone." Indeed, the seismic design criteria in the international building codes are based entirely on the National Earthquake Hazards Reduction Program's determinations of the shear-wave velocity of the top 30 m (Mahdyiar, 2002) . Clearly, the significance of surface layers cannot be ignored when predicting the site response; however, the amplification predictions based solely on surface geology have been shown to be insufficient. For example, Mahdyiar (2002) concluded that the amplification values based on the shear-wave velocities in the top 30 m did not reflect the basin effects as derived from regional earthquake ground motions (Hartzell et al., 1998 ). Mahdyiar's (2002) analysis leads one to conclude that probabilistic seismic hazard analysis would be most successful if both depth-dependent basin effects and the effects of near-surface geology were combined. The SCEC Phase III Working Group came to the same conclusion. It identified two major contributors to the amplification factors: the softness of surface layers and basin depth (Field and SCEC Phase III Working Group, 2000) . By calibrating these effects against observed amplifications, SCEC has created an amplification map for the Los Angeles region (www.scec.org/ phase3/amplificationmap.html), although the map given at the web site does not provide a technical explanation of how it was constructed. Our amplification corrections are generally comparable spatially and quantitatively to those proposed by the SCEC group. This is of no surprise because both maps are based on the estimation of basin depth by Magistrale et al. (2000) . However, our maximum amplification correction is near 4, while the SCEC map has a maximum of 5. The source of this inconsistency lies in the way the (non-WWW) published SCEC amplifications (e.g., Field and SCEC Phase III Working Group, 2000, their figure 1) and ours were defined. While the published southern California amplification factors are typically determined based on empirical spectral ratios relative to a single rock site (e.g., Hartzell et al., 1998 ; Field and SCEC Phase III Working Group, 2000, their figure 1), our corrections are determined with respect to the average rock-site condition, including many stations, based on finite-fault modeling. The latter can be considered more robust, as these corrections are much less dependent on the choice of a particular rock site.
Our low-frequency (0.2-2 Hz) correction factors, extending to about 4, also compare well with the results of the low-frequency 3D simulations of ground motions within the Los Angeles basin conducted by Wald and Graves (1998) and Olsen (2000) (frequencies below 0.5 Hz in both studies). For example, Wald and Graves (1998) reported the simulated displacement amplitudes about three to four times larger within the basin than at sites outside the basin; Olsen's (2000) scenario-averaged amplification values are up to a factor of 4.
As stated earlier, the corrections introduced in this article can be viewed as those representative of the generic soil condition within the basin, where local site responses have been substantially smoothed out. Clearly, the localized effects, such as a particular site's resonance or focusing due to the geometry of the basin edge, cannot be captured by this generic correction. A sharp local amplification function at any particular site of interest can always be introduced to the program such as FINSIM as an extra input parameter (Beresnev and Atkinson, 1998) . Any specifics of local response, if known, can thus be easily incorporated.
Duration
Basin effects have been shown to greatly increase shaking durations. One of the proposed causes for these prolonged durations is the conversion of body waves to surface waves at the basin edges Bouchon, 1980a,b, 1985; Vidale and Helmberger, 1988; Joyner, 2000) .
For the purposes of this study, the duration is defined as the time from the S-wave arrival to the time when 95% of the acceleration spectral energy has passed, which was determined by calculating the squares of the original acceleration traces until 95% of the total was reached. Durations were calculated for both synthetic and observed seismograms for the Northridge and Whittier Narrows earthquakes. For most stations, we averaged the durations of the two horizontal-component seismograms, with the exception of two stations, MBF and XBR, where only one horizontal component for the Whittier Narrows event was available.
As could be expected, the synthetic model significantly underestimates the shaking durations for both earthquake sources, confirming that the Los Angeles basin has a substantial duration effect (see also Olsen, 2000) . Durations for the synthetic seismograms range from 7.1 to 12.6 sec for the Northridge event, while the observed durations range from 6.7 to 35.5 sec. In this case, the maximum ratio between the average observed and the synthetic durations is 3.7. On average, the model underestimates durations by a factor of 1.6 for Northridge stations.
For the Whittier Narrows event, the durations of synthetic seismograms range from 3.4 to 5.6 sec, while the observed durations range from 3.3 to 21.7 sec. In this case, the maximum ratio between the average observed and the synthetic durations is 4.3. On average, the model underestimates the Whittier Narrows durations by a factor of 2.3. Figure 4 shows the ratio of observed to synthetic durations at each station for both the Northridge and Whittier Narrows earthquakes. It is clear that the duration ratios (represented by black circles) do not correlate well with basin depth (represented by shading in Fig. 4 ). There is, however, some systematic grouping of larger duration ratios within the basin. Joyner (2000) introduced the distance from the basin edge as the distance from the 300-m contour of the depth to crystalline basement to the seismic station along the line connecting the earthquake epicenter to the station. Figure 5 shows that the duration ratios correlate better with the distance from the basin edge as defined by Joyner (2000) than with basin depth; however, a significant scatter is present as for the amplification ratios in Figure 3 . It is important to note that we have not limited our study to long-period (low-frequency) surface waves; thus the wave interactions that may contribute to increased durations within the basin in our study are more complex than those explained by Joyner (2000) .
Since the Whittier Narrows epicenter was located within the basin (as defined by Magistrale et al., 2000) , it becomes difficult to define the distance from the basin edge for this event. Simply by looking at the distribution of duration ratios for both earthquakes in Figure 4 , one can see that larger duration ratios are distributed systematically within the basin, but they are very dependent on earthquake location. Thus, we find it impossible to define a generic correction for the effects of the Los Angeles basin on duration; however, we can say with confidence that durations are increased by the basin effects. As a conclusion, users of FINSIM and similar programs should be aware that durations may be extended as much as four times the synthetic ones, depending on the location of the site within the basin.
Conclusions and Recommendation for Future Work
We have isolated the corrections for total basin amplification within the Los Angeles basin that need to be applied to synthetic ground motions generated for the average rock site. The amplification ratios were produced by comparing the observed to the synthetic Fourier spectra created by FINSIM for the 1994 Northridge and 1987 Whittier Narrows earthquakes. The 3D spatial representations indicate the general correlation between the amplification correction and the basin depth while highlighting the significance of two amplification hot spots that occurred during the Northridge event. Sharp local responses are impossible to capture in a generic correction; however, any extra, site-specific amplification can easily be entered into the synthetic models as an input parameter.
The correlation between the amplification and the basin depth as estimated by Magistrale et al. (2000) was observed in three separate frequency intervals, leading to the development of depth-dependent corrections for the low (0.2-2 Hz), intermediate (2) (3) (4) (5) (6) (7) (8) , and high (8-12.5 Hz) frequencies. The correlation coefficients (r 2 ) below 0.25 indicate significant scatter; however, considering the complexity and local variability of site effects, we consider these correlation factors to be reasonable for the generic correction. The users of FINSIM (or a similar program that does not specifically take the basin structure into account), wishing to generate synthetic ground motions for any site of interest within the basin, should thus proceed as follows. First, the estimated basin depth should be determined from the coordinates of the site using the basin depth calculator (www. scec.org:8081/examples/servlet/BasinDepthServlet). Once the depth has been determined, the equations presented in Table 3 can be used to calculate the amplification factors for the three frequency ranges; these factors should be entered as additional input parameters. This will implement the amplification effect for the generic soil site in the basin. If local resonance is deemed to be significant, a site-specific re- Figure 5 . Duration ratios versus distance from the edge (as defined by Joyner, 2000) and versus estimated basin depth for the Northridge earthquake. sponse function, reflecting the effect of variable near-surface geology, can similarly be incorporated.
Ground-motion durations are shown to be significantly lengthened within the basin. The distance from the edge of the basin is typically considered to be a primary factor affecting the durations (e.g., Joyner, 2000) ; this distance is ambiguous to define for the epicenters located within basin boundaries. Therefore, it is difficult to make any general prediction or develop corrections concerning duration. Users of non-3D-specific simulation codes should be aware that shaking may occur for as much as four times the length of predicted simulations.
Recently, 3D models have become increasingly popular for evaluating the amplification effects caused by sedimentary basins around the world (Olsen and Archuleta, 1996; Olsen et al., 1997; Pitarka et al., 1998; Wald and Graves, 1998; Stindham et al., 1999; Olsen, 2000) . However, these models are limited by the accuracy and resolution of the 3D velocity models on which they depend. Also, they require vast amounts of computer memory and are limited to frequencies typically below 1 Hz. The frequencies of significant engineering interest extend to as high as 20 Hz, which emphasizes the importance of simpler, semiempirical methods, such as the finite-fault stochastic method, for earthquake hazard calculations. The stochastic method, corrected for the average effects of basin structure, as discussed in this article, would be of significant practical use to engineers.
As a result of this study, we have presented corrections for a finite-fault stochastic model, which has been calibrated on rock sites in order to make it effective for sites within the Los Angeles basin. Appropriately modified according to the difference in impedance contrast across the sedimentary cover, these corrections could be used for the other basins as well. However, as we stated in the Introduction, direct portability of these results to other basins should be viewed with caution, since, even for a single Los Angeles basin, the variability in the predicted effect is large (e.g., Fig. 3 ). The applicability of these predictions elsewhere could only be tested by future earthquake data. Specifically, future work should be directed at determining whether or not these amplification corrections are applicable to other basins. Similar studies must ideally be done in order to develop more basinspecific corrections.
